Terminally unsaturated and diastereochemically pure polyol derived from D-mannose shows spontaneous aggregation behavior in water solution. In order to study and clarify this unforeseen phenomenon, a conformational study based on NMR spectroscopy combined with ab initio structure analysis using the COSMO-solvation model was pursued. The results, together with X-2 ray diffraction studies, suggest a low energy linear conformation for this particular substrate both in solid states and in solution. For such small-sized acyclic carbohydrate derivatives, the linear conformation appears to be a key prerequisite for the unusual molecular self-assembly reported herein.
INTRODUCTION
Carbohydrate-based amphiphiles are typically composed of a hydrophilic carbohydrate moiety attached to a relatively long, hydrophobic aliphatic carbon chain. 1 In such compounds, the amphiphilicity stems purely from the solubility difference between the two distinct ends of the molecule, while the stereochemistry of the carbohydrate part and the conformational properties play only a minor role. However, as the molecular size becomes smaller, both the conformation and the consequential linearity or non-linearity of the molecule start to have a more significant influence on the amphiphilic behavior.
Acyclic compounds, in general, favor conformations where the steric interactions are minimized.
These low-energy conformations are typically characterized by planar zigzag conformations of the carbon backbone minimizing the steric interactions between different substituents. Such reasoning is valid for acyclic carbohydrate derivatives as well, as long as there are no bulky substituents, typically hydroxyl groups, in 1,3-syn relationship. Thus, the stereochemistries of, for example, D- mannitol and D-galactitol (see Figure 1 ) allow these compounds to obtain a planar zigzag conformation, whereas the corresponding D-glucose derivative, D-glucitol, favors a conformation where the C2-C3 bond is rotated 120°. This twist in the carbon chain is due to the syn-relationship between the OH-groups at C-2 and C-4 ( Figure 1 ). The naturally occurring monosaccharides can be utilized as precursors in the synthesis of other functionalized acyclic carbohydrate derivatives. Such approaches generally utilize the tautomeric equilibrium, termed mutarotation, and particularly the presence of the open chain aldehyde form (Scheme 1). To exemplify, metal-mediated allylation of unprotected monosaccharides yields alkene-terminated polyols with multiple chiral carbon atoms with predefined stereochemistry. 4, 5 The configurations of C2-C5 stem from the parent monosaccharide and only one stereocenter (C-6) is formed in the allylation reaction. Thereby, the product is formed as a mixture of two diastereoisomers with either threo or erythro configuration (C-5/C-6). The ratio between the two diastereomers depends on the substrate and reaction conditions. The threo form is, however, the generally dominating one (Scheme 1).
Scheme 1.
Metal-mediated allylation of unprotected D-mannose yielding alkene-terminated polyol diastereomers.
The diastereoisomers formed can, in general, be separated by acetylation-chromatographydeacetylation manipulations. 4, 5 Interestingly, in the case of D-mannose as starting material, the major product diastereomer (1a) can be conveniently isolated by precipitation from ethanol. 6 Such alkene-terminated polyols, produced by this protocol, are synthetically attractive products as they are diastereomerically pure and contain multiple functional groups for further derivatizations.
Here, we report that the initially water soluble mannose derived polyol (1a) displays an unforeseen and highly interesting solubility behavior, spontaneously aggregating from a stirred water solution at ambient temperature ( Figure 2 ). As investigated by us, the structural analogues derived from other similar monosaccharides do not show such behavior, making the D-mannose derivative 1a in this sense very unique. This experimental finding suggests some type of highly ordered structure for this particular, potentially amphiphilic, mannose-derived diastereomer in solution that then would explain the spontaneous aggregation process. This is confirmed by a second heating/cooling cycle which shows a good match of the temperatures and enthalpies to the bulk sample.
EXPERIMENTAL SECTION
Computational structure analysis. In order to gain quantitative insight into the relevant structural parameters, each monomeric structure (1a, 2a and 3a) was optimized computationally.
The computations were performed both under gas phase conditions and under an implicit water of theory for the optimizations. In these systems, the planarity is proportional to the angle between C2−C4−C8 and this angle can thus be utilized as a relevant measure of planarity. For perfectly planar structures, this angle should be 180° (for numeric values of angle of planarity for 1a, 2a and 3a, see Table 2 ). It can be observed that the D-mannose derived structure 1a favors an almost perfectly planar form in both gas-phase and in implicit water solvation model. In contrast, the D-glucose and D-galactose derived structures 2a and 3a seem to be nonplanar under both conditions studied. However, the implicit solvation reduces the bend of all structures (see Table 2 for angles and Supporting Information for coordinates). This provides quantitative support for the hypothesis derived from the NOESY experiments, i.e., that the planarity of structure 1a may be relevant for the observed aggregation behavior. Also, the differing energy penalties associated with forcing the structures into a linear conformation in a crystal can explain the experimentally observed differences in the melting points between 1a and 2a/3a. The reduced bend for the structure 2a in solution is due to a favored internal hydrogen bond network straightening the backbone. The concurrency between the formation of an intermolecular and intramolecular hydrogen bond network could be another cause for the difference in aggregation. Microsolvation studies coupled with a global optimization of the optimal bonding pattern and an analysis of the underlying energy landscapes can be used to prove this hypothesis. 19 For further studies, dynamic simulations could be helpful in correctly assigning the driving force of the aggregation 1a. X-ray diffraction studies and cryo-TEM imaging. Additionally, structural analysis of the solid aggregation product may offer insights to the relationship between the intramolecular structure and molecular packing which in turn can aid in deducing factors inducing the spontaneous aggregation of 1a. To investigate its solid state structure, single crystals of 1a were grown from an aqueous solution and were subjected to single crystal X-ray diffraction analysis (full details in Supporting Information). 20 The analysis reveals that the carbohydrate backbone of D-mannose derivative 1a adopts a linear conformation in the solid state ( Figure 6 , Tables S3-S6 ).
This is exemplified by the angle of planarity [∠(C2-C4-C8) = 177.73(7)°] which corresponds almost perfectly to the theoretical value obtained using the solvation model (177.6°). Due to the orientation of the hydroxyl group at the achiral C1 carbon, four of the OH-groups (O1, O2, O5 and O6) of 1a are located below the plane generated by the carbohydrate backbone whereas two OHgroups (O3 and O4) reside above the plane. This ensures effective intermolecular hydrogen bonding (HB) scheme where 1a is bonded to five distinct adjacent molecules. It is noteworthy that these intermolecular interactions occur via either two or three OH-groups with molecules that reside either above and below the plane, or parallel to the plane, respectively, guaranteeing high rigidity throughout the crystal lattice. Interestingly, the crystal structure of D-mannitol 21 ). However, it should be noted that these observations only concern the solid state structure of 1a and do not necessarily reflect its amphiphilic behavior in solution. Terminally unsaturated D-mannose derived polyol exhibits spontaneous aggregation from aqueous solution owing to its rigid backbone and semi-hydrophobic nature. This unconventional phenomenon is here shown by combinations of NMR spectroscopy, ab initio structure analysis, X-ray diffraction and thermal analysis to be due to the low energy linear conformation maintained by this particular substrate both in solid state and in solution.
